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AFTERBODY PRESSURES ON BOA'ITAIIXD BODIES OF REVOLUTION 

HAVING TURBULENT BOUNDARY LAYERS AT MACH 6 

By W. Frank Staylor  and Theodore J. Goldberg 
Langley Research Center 

SUMMARY 

An experimental inves t iga t ion  has been conducted t o  determine t h e  e f f e c t s  
of b o a t t a i l i n g  and angle of a t t a c k  upon base and b o a t t a i l  pressures  f o r  bodies 
of revolution. 
a t t a c k  up t o  12O were t e s t e d  a t  a free-stream Mach number of 5.98 and at a 
Reynolds number s u f f i c i e n t  t o  cause a turbulent boundary layer  t o  e x i s t  ahead of 
t h e  a f te rbodies  at zero angle of a t tack .  

Afterbodies with b o a t t a i l  angles from 0' t o  2 4 O  a t  angles of 

A simple method f o r  pred ic t ing  b o a t t a i l  pressures  i s  presented, which gave 
a reasonable estimate f o r  the  present da ta .  A co r re l a t ion  of ex i s t ing  base- 
pressure da ta  w a s  made f o r  boa t t a i l ed  bodies of revolut ion with turbulen t  bound- 
a r y  l aye r s  and from t h i s  co r re l a t ion  base pressure as a function of b o a t t a i l  
angle and cyl inder  Mach number can be estimated. 
present  ca lcu la t ions  ind ica t e  t h a t  afterbody pressure drag can be subs t an t i a l ly  
reduced with a r e l a t i v e l y  shor t  b o a t t a i l  a t  Mach numbers from 1.5 t o  6.0. 

Experimental da ta  and t h e  

INTRODUCTION 

Previous inves t iga t ions  have shown tha t  afterbody drag cons t i t u t e s  a sub- 
s t a n t i a l  p a r t  of t he  t o t a l  drag on bodies of revolut ion a t  supersonic speeds 
( f o r  example, see r e f s .  1 t o  10). Chapman (ref. 1) has reported t h a t  i n  c e r t a i n  
instances afterbody drag can amount t o  as much as two-thirds of t h e  t o t a l  body 
drag. A t  high supersonic speeds theo re t i ca l  and experimental inves t iga t ions  
have ind ica ted  t h a t  t h e  afterbody continues t o  cont r ibu te  a l a rge  p a r t  of t he  
t o t a l  drag f o r  minimum drag bodies of revolution although the  afterbody drag 
influence i s  somewhat lessened from t h a t  at low supersonic speeds. 

The use of b o a t t a i l i n g  as a means of  reducing afterbody drag has been 
s tudied  r a t h e r  thoroughly i n  the  Mach number range from 1 t o  about 3 .  
of these  experimental inves t iga t ions  the  e f f ec t  of b o a t t a i l i n g  on base pressure 
w a s  determined and the  b o a t t a i l  surface pressures were estimated by theo re t i ca l  
means; whereas i n  a few o ther  invest igat ions ( f o r  example, refs. 10 t o  13) both 
t h e  b o a t t a i l  and base pressures  were measured t o  obtain an experimental a f t e r -  
body pressure drag. A t  Mach numbers greater  than 3.5 very l i t t l e  base-pressure 
da t a  exis t  f o r  boa t t a i l ed  bodies of revolution and the  present  authors have no 
knowledge of any such d a t a  f o r  b o a t t a i l  surface pressures.  Since the  projected 
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area of the boattail may be greater than the base area, the boattail drag can 
be a major part of the total afterbody drag. Therefore, emphasis should also be 
placed upon methods for predicting boattail pressures as well as base pressures 
in order to have the necessary parameters available to minimize afterbody drag. 

The purpose of the present investigation was to obtain base and boattail 
pressures on bodies of revolution at hypersonic speeds and to correlate them 
with previous data at lower Mach numbers. This investigation was generally 
limited to turbulent boundary layers because previous studies have shown that 
Reynolds number has little effect on base pressure for bodies having turbulent 
boundary layers (refs. 1, 2, 3, 9, and 14) and because these bodies are repre- 
sentative of many full-scale hypersonic applications. 

performed at.a free-stream Reynolds number of 7.0 x 10 
20-inch Mach 6 tunnel. 
the nose section and afterbody and each configuration was tested at angles of 
attack up to 12O. 

Most of the tests were 
6 per foot in the Langley 

Nineteen model configurations were obtained by varying 

SYMBOLS 

C A 

cA, min 

cP 

AcP 
D 

dS 

lb t 

2, 

M 

P 

R 

X 

X' 

Y 

2 

component of axial-force coefficient due to afterbody drag based on 
model cross-sectional area 

component of minimum axial-force coefficient due to afterbody drag 
based on model cross-sectional area 

pressure coefficient 

error in pressure coefficient 

model cylinder diameter 

sting diameter 

boattail axial length 

sting length 

Mach number 

static pressure 

Reynolds number based on model length 

axial distance referenced from a point one model diameter upstream 
of afterbody base 

axial distance referenced from boattail-cylinder junction 

radial distance from center line 
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a angle of attack 

P boattail angle 

Pmin boattail angle for minimum afterbody pressure drag 

6 boundary-layer thickness 

Mach angle, sin -1 1 
M CI 

V Prandtl-Meyer expansion angle 

@ 
Subscripts : 

radial angle from windward stream line 

CO free-stream condition 

b base 

bt boattail 

C 

P first peak pressure rise 

cylinder or  flat plate immediately ahead of afterbody 

APPARATUS AND TEST METHODS 

Wind Tunnel 

The present investigation was conducted in the Langley 20-inch Mach 6 
tunnel which is an intermittent-type tunnel that exhausts through a movable 
second minimum to the atmosphere with the aid of an ejector. Stagnation pres- 
sure and temperature were approximately 400 psia and 470' F, respectively, for 
most of the tests; these tunnel conditions resulted in a Reynolds number per 
foot of 7.0 x 10 6 . 
and a range of Reynolds number per foot from 3.3 X 10 6 to 10.0 X 10 6 was 
obtained. 

The stamation conditions were varied for a few of the tests 

A more complete description of the tunnel is given in reference 15. 

Model and Support 

3 The basic model was a cylinder 10 inches in length and 5 inches in dim- 8 
eter with three nose sections and nine afterbody sections. (See fig. l(a).) 
The three nose sections were a l5O (nose section 1) and a 4 5 O  (nose section 2) 
half-angle cone and a hemisphere (nose section 3) each of which had a radial 
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transition band on its surface to promote a turbulent boundary layer on the 
model. These bands consisted of 0.050-inch-diameter (average) grit that was 
bonded to the surface with a resinous substance. Eight afterbody sections were 
conically boattailed from Oo to 21° in 3 O  increments over an axial length of 
1.18 inches (Ibt/D = 0.35) and one afterbody section consisted of a circular- 
arc (C.A.) boattail with a trailing-edge angle of 240. Each of the afterbody 
sections was 4 inches long and had 12 pressure orifices on the cylinder and 
boattail surfaces and 4 pressure orifices on the base surface. (Coordinates of 
the orifices are listed in fig. l(a)). The plane of the orifices was varied by 
rotating the model with respect to the sting, and the models were pivoted in 
the horizontal plane for angle of attack. The various configurations that were 
tested are listed in the following table: 

Boattail angle, Nose section 
P 

Radial angle, 
# 

15' half -angle Oo, 45O, go0, 13Po, 180' 1 cone 15O, 18O, 21°, C.A. 

43' half -angle Oo, 60, 12O, 18O, C.A. 

Hemisphere Oo, 6 O ,  12O, 18O, C.A. 

The 0' and 21° boattail afterbodies were tested with stings of 0.85, 1.15, 
1.25, 1.50, 1.75, and 1.94 inches in diameter and 10.03 inches in length; the 
1.25-inch-diameter sting had a sliding collar to simulate sting length. Also, 
a 'I-inch-diameter disk could be attached directly behind the Oo boattail 

afterbody (cylinder) to provide a --inch step height to aid in the determina- 

tion of the type of boundary layer that existed on the rearward part of the 
cylinder. Sketches of the sting, sliding collar, and disk are shown in 
figure l(b). 

1 

11 16 
32 

Test Methods and Techniques 

The 16 static-pressure orifices on the afterbodies were connected to 
4 pressure switching devices which, in turn, connected the orifices in sequence 
to electrical pressure transducers. 
and a 5 psia transducer whose electrical output was recorded on a digital read- 
out system. The accuracies of the 1 psia and 5 psia transducers were better 
than 1/4 and 1/2 percent, respectively, of the full-scale reading; however, 
with the exception of the tests employing the disk, only data from the 1 psia 
transducers were used. All calculations were based on a nominal free-stream 
Mach number of 5.98. 
ficients are given in the following table: 

Each pressure switching device had a 1 psia 

The maximum errors of three representative pressure coef- 
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-0.03 

.06 
0 

+0.0005 +o. 0005 
+ .0008 + .0006 
?. 0017 + .om9 

A prism was attached to the base of the model during preliminary tests and 
was used with a light source and calibrated screen to obtain true angle of 
attack in the presence of sting deflections. An angle gage was calibrated 
during these preliminary tests and was used to set the angles of attack for the 
remainder of the test program. The angles of attack were set at nominal angles 
of Oo, 20, 40, 60, go, and 120 and are believed to be within +1/40 of the 
desired angle. 

DATA INTERPRETATION 

Cylinder 

Mach number.- Calculations by the method of characteristics indicate that 
the local Mach number at x'/D = 0 (cylinder-boattail junction) at a = Oo 
for the 150 (nose section 1) and 450 (nose section 2) conical nose sections 
should be 5.82 and 3.75, respectively. For the hemispherical nose section, 
it was assumed that the total pressure on the cylinder was determined by a 
normal shock loss and the local pressure was free stream; the resulting theo- 
retical Mach number was 3.16. 
static pressures to the theoretical total pressures behind the conical and 
normal shocks are 5.80, 3.72, and 3.13, respectively, for nose sections 1, 2, 
and 3 .  

Mach numbers based on the ratios of the measured 

These measured values of cylinder Mach number were used where applicable. 

Boundary layer.- The type of boundary layers that existed on the rearward 
parts of the models at 
separated region forced by a forward-facing step at the rear of the models. 
(See, for example, refs. 15 to 17.) 
assumed to be similar to those for separated flow on a flat plate. Presented 
in figure 2(a) are the pressure distributions along the cylindrical afterbody 
( p  = 0') with the - -inch step at 
curves for different Mach number ranges and boundary-layer types (eqs. (l), (2), 
and (5), of ref. 15) are shown which relate the peak pressure rise as a function 
of Mach number for forward-facing steps in turbulent and laminar boundary-layer 
flows. (These pressures have been shown to be a very weak function of Reynolds 
number for turbulent boundary layers. 
present tests were used in eq. (5) of ref. 15.) A comparison of these curves 
with the present experimental values from figure 2(a) indicates that the bound- 
ary layers were turbulent on the rearward parts of the cylinder for all three 
nose sections at a = Oo. At angles of attack the pressures in the separated 
region were affected by a strong radial pressure bleed ahead of the step, which 

a = Oo was determined by observing the pressures in the 

The pressures in the separated region were 

11 
32 

x/D = 1.0. In figure 2(b) three empirical 

Calculated local Reynolds numbers for the 
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distorted the peak-pressure-rise measurements. Positive identification of the 
boundary-layer type at angle of attack was not possible; however, it is believed 
that the boundary layers became transitional or even laminar before separating 
off the leeward meridians at the higher angles of attack. 

Base 

Radial location.- Presented in figure 3 are average base pressure coeffi- 
cients at various radial angles and angles of attack for boattail angles of Oo 
and 210 (nose section 1). 
obtained from orifices 13 and 14 for 
@ = 900, and orifices 15 and 16 for 
from the average values was negligible. Lines of constant pressure are shown 
for each angle of attack and the variations of the data from these lines were 
less than the maximum possible data error. It is believed that for a given test 
condition the pressures on the entire base were essentially constant and all 
subsequent data are the average of values obtained from orifices 1 3  to 16. 

These data are the average of pressure values 
@ = Oo and 4 5 O ,  orifices 13 to 16 for 

@ = 135O and 180~; however, the variation 

Sting effects.- References 1 and 18 indicate that the presence of a model 
support, no matter how small, affects the base wake structure to some degree; 
however, the effect upon base pressure is uncertain. Base pressure coefficients 
for the Oo and 21' boattails with various sting lengths at angles of attack are 
given in figure 4(a) for a constant sting diameter (ds/D = 0.37). 
showed only a small variation for sting lengths ranging from 1.0 to 3.0 model 
diameters. In figure 4(b) base pressure coefficients for various sting diame- 
ters at angles of attack are presented for a constant sting length ( ZS/D = 2.97). 
The pressures appear to become constant for a sting-to-model diameter ratio of 
less than about 0.4 for both the Oo and 21' boattails. 
the models were supported by a sting with 
is believed that the support interference was negligible. 

The data 

For all subsequent tests 
2s/D = 2.97 and ds/D ;. 0.37, and it 

Reynolds number effects.- Presented in figure 5 are base pressures from 
preliminary tests (nose section 1, p = O o )  and from references 1, 9,  14, and 
1.9 as a function of Reynolds number for turbulent boundary layers. (Note that 
the cone data of reference 19 are plotted as the ratio of the base pressure to 
the cone surface pressure rather than to the free-stream pressure. ) Generally, 
for Mach numbers greater than about 3 the base pressures decrease with Reynolds 
number until the boundary layer becomes fully turbulent and then remain approx- 
imately constant for further increases in Reynolds number. This constant- 
pressure condition was attained in the preliminary tests at a Reynolds number of 
about 10 X lo6 and all subsequent tests were conducted at a Reynolds number of 
12 X 10 6 to insure the formation of turbulent boundary layers. 

RESULTS AND DISCUSSION 

Boattail Pressures 

Boattail-pressure distributions.- Presented in figure 6 to 8 are the pres- 
sure distributions along the boattail surfaces for nose sections 1 to 3, 



respectively, for various boattail and radial angles at angles of attack. The 
pressures were relatively constant along each of the conical afterbodies for a 
given test condition particularly at lower angles of attack (a, < 6 O ) ,  whereas 
at higher angles of attack (a > 6 O )  the pressures generally decreased toward 
the base. 
were caused by the continuous expansion of the flow along the curved surface. 
The circular-arc data are included in some of the figures but primary emphasis 
is placed on the conical boattail data. At x/D = 0.408 a common orifice 
existed on the cylinder for each of the model configurations and the small dif- 
ferences in pressure which occurred for the various boattails are believed to 
have been caused by angle-of-attack and data errors and not by boattail-angle 
effects. 

Large pressure gradients existed on the circular-arc boattail, which 

Prediction of boattai1pressures.- Presented in figure 9 are the pressure 
distributions along the boattail surfaces at zero angle of attack, replotted 
from figures 6(a), 7(a), and 8(a) with the ordinate and abscissa converted, 
respectively, from c ~ , ~  to Pbt/Pc and X/D to x'/D. Boattail pressure 
distributions calculated by the method of characteristics are shown for boattail 
angles of 6O, 120, and 180 at cylinder Mach numbers of 5.13 and 5.80 which were 
the minimum and maximum measured Mach numbers at a = Oo for the present tests. 
(Calculations were begun at the boattail-cylinder junction, assuming the Mach 
number was constant, vertically, at this point. ) The characteristics method 
grossly underpredicts the pressure data and indicates that the pressure ratio 
should decrease sharply with cylinder Mach number - a trend which was not found 
experimentally. Instead, the trends and magnitudes of the pressure ratios were 
almost the same for each nose section at a given boattail angle. Included in 
figure 9 are pressure distributions calculated by Van Dyke's second-order theory 
(ref. 20) as applied to conical boattails by Jack (ref. 21) for 
at M, = 3.13. This theory also underpredicts the data. 

p = 6O and 12O 

= 5.8 - CI 
4 

-- 

Initial expansion wave 

Sketch 1 

In sketch 1 a typical afterbody, boundary layer, and initial expansion wave 
a r e  shown to scale, based upon measurements from schlieren photographs of the 
present tests (nose section 1, a, = 00, & = 5.80). The initial expansion wave 
intersects the inviscid outer flow more than 3 boundary-layer thicknesses down- 
stream of the cylinder-boattail junction, the intersection being aft of the base. 
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Inviscid prediction methods are based upon the Mach number of the outer flow; 
therefore, it should be expected that they would not be applicable for short 
boattails with thick boundary layers. 

In figure lO(a) ratios of the average boattail surface pressure to the 
cylinder pressure are given as a function of boattail angle at 
of Pbt/P, calculated by the two-dimensional Prandtl-Meyer expansion method for 
Mc = 1.00, 3.13, and 5.80 
to the Prandtl-Meyer method at 
reveals that all the present data are in good agreement with the sonic expansion 
curve, whereas the two curves calculated from the measured cylinder Mach numbers 
generally underpredict the data by a large margin. Included in this figure are 
two-dimensional boattail data from references 22 and 23, which are also in good 
agreement with the sonic expansion curve for p 5 12O. (The flow separated from 
the boattail surface at p > 12O (ref. 22).) 

a, = 00. Values 

(The characteristics method reduces 
An inspection of figure lO(a) 

are also shown. 
x'/D = +O.O.) 

Presented in figures 10(b) and lO(c) are average boattail-to-cylinder pres- 
sure ratios at angles of attack of 60 and 120, respectively, and included are 
two-dimensional data of reference 22. Calculated curves of pbt/pc for 

Mc = 3.0 and 6.3 at a = 60 and Mc = 2.6 and 6.8 at a, = 12O are shown with 
the sonic expansion curve for comparison. 
numbers of 3.0 and 2.6 and of 6.3 and 6.8 were the minimum and maximum, respec- 
tively. These Mach numbers were based on measured cylinder static pressures and 
total pressures behind normal (hemispherical nose section) and oblique (15O con- 
ical nose section) shocks. (See ref. 24.) An inspection of figures 10(b) and 
1O(c) reveals that the data tend to center about the sonic expansion curve 
rather than lie within the maximum and minimum Mach number curves. The two- 
dimensional data are again in good agreement with the sonic expansion curve 
( P  5 12O) and show very little variation of pressure ratio with angle of attack 
because these boattails are not susceptible to cross-flow bleed as are conical 
boattails. (The variation of the pressure ratios with radial angle is believed 
to have been caused by cross-flow bleeding of the higher windward pressures to 
the leeward surface.) 
figures 9 and 10 may be fortuitous; however, a possible explanation for its 
validity is offered. 

(At a = 60 and 12O, cylinder Mach 

The apparent success of the sonic-expansion method in 

The expansion of a supersonic boundary layer around a corner is followed 
by a decrease in the boundary-layer pressure and density and an increase in 
thickness which is consistent with mass conservation requirements (sketch 2). 

Sketch 2 
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The inner  streamlines are expected t o  conform t o  t h e  body contour because of 
t h e i r  lower ve loc i ty  and t o t a l  pressure, whereas the  outer  streamlines of t he  
boundary l aye r  would diverge from the  body surface i n  the  region immediately 
a f t  of t he  corner.  This type of process would be favorable t o  e s t ab l i sh  a zero 
pressure gradient (bp/dy = 0) i n  t h e  expanded boundary layer .  
of reference 15 ind ica te  t h a t  t he  sonic streamlines of t he  turbulent  boundary 
layer  (Me = 5.8) occurred approximately 0.038 from the  p l a t e .  
s ion process streamlines i n  t h i s  region of the boundary l aye r  must expand essen- 
t i a l l y  p a r a l l e l  t o  t he  body contour when separation does not occur. 
sures on the  body surface f o r  some dis tance downstream from the  corner would 
then be determined by the  expansion of a sonic flow through the  turning angle 

Experimental da ta  

During an expan- 

The pres-  

(0  = VI. 

A t  a lower Mach number the  sonic streamline occurs a t  a r e l a t i v e l y  higher 
pos i t ion  i n  t h e  boundary l aye r  and would not necessar i ly  expand p a r a l l e l  t o  t h e  
body. Also, t he  i n i t i a l  expansion wave w i l l  i n t e r s e c t  t h e  inv isc id  flow nearer  
t o  t h e  corner which would allow invisc id  predict ion methods t o  be more appl i -  
cable.  In f igu re  11 b o a t t a i l  pressure d i s t r ibu t ions  from references 11, 13, and 
25 a r e  presented and a r e  compared with those obtained by Van Dyke's second- 
order theory and t h e  sonic-expansion method. The second-order theory gave a 
good ove ra l l  p red ic t ion  of t he  b o a t t a i l  pressures espec ia l ly  a t  the  lower Mach 
numbers. The sonic-expansion method w a s  generally b e t t e r  at the  higher Mach 
numbers f o r  some dis tance aft  of t h e  cy l inder -boa t ta i l  junct ion with t h e  second- 
order theory showing b e t t e r  agreement a t  the  a f t  end of t he  b o a t t a i l .  It i s  
concluded t h a t  t he  second-order theory i s  most appl icable  f o r  long b o a t t a i l s  
with t h i n  boundary layers  a t  low Mach numbers, whereas the  sonic-expansion 
method i s  most appl icable  f o r  shor t  boa t t a i l s  with th i ck  boundary layers  a t  high 
Mach numbers. 

Base Pressures 

Effec t  of boa t t a i l i ng . -  Presented i n  figure 12 are t h e  base pressure coef- 
f i c i e n t s  as a funct ion of b o a t t a i l  angle f o r  nose sect ions 1, 2, and 3 a t  var- 
ious angles of a t t ack .  
pressure has a m a x i m u m  value a t  a b o a t t a i l  angle between 12O and 180. 
parison of t he  pressures  on t h e  base ( f ig .  1 2 )  and t r a i l i n g  edge ( f i g s .  6 t o  8) 
of t he  18' and 21' b o a t t a i l s  show t h a t  t he  pressures a r e  e s s e n t i a l l y  equal and 
ind ica te  t h a t  t h e  flow had separated from these b o a t t a i l  surfaces.  
l a rge  b o a t t a i l  angles ( p  > 3OO), it is  expected t h a t  t h e  separated flow would 
not sense t h e  exis tence of the  afterbody and t h a t  t he  base and b o a t t a i l  pres-  
sures  could be c lose ly  approximated by the  base pressure (sketch 3) .  

For each nose sect ion and angle of a t tack,  t he  base 
A com- 

For very 

j3 = Oo 

Sketch 3 
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Presented in figure 13 is a compilation of base-pressure data from refer- 
ences 2, 9, 10, 13, and 26 for boattailed bodies of revolution with turbulent 
boundary layers for cylinder Mach numbers between 1.5 and 6.0. 
tion of the hemispherical nose section of the present tests (solid symbols), all 
the models had either ogive or conical nose sections and were from 5 to 12 
cylinder diameters in length. The base pressures are plotted in ratio to the 
cylinder pressure at the cylinder-afterbody junction in order to reduce the 
effects of nose and cylinder length. If experimental cylinder pressures were 
not available, they were estimated by the method of reference 27 and these esti- 
mated pressures were used to calculate the local cylinder Mach number. From 
cross plots of these data, lines of constant cylinder Mach number were deter- 
mined and are shown as faired curves. All data for bodies with pointed nose 
shapes agree reasonably well with the correlated curves throughout the Mach 
number and boattail-angle ranges of the compiled data. However, the base pres- 
sures for the hemisphere-cylinder (solid symbols) are overestimated by the cor- 
relation (M, = 3.13) and apparently nose effects were not eliminated for this 
configuration. 

With the excep- 

Comparisons with two-dimensional pressure data.- In figure 14(a) the pres- 
ent data (nose section 1) are compared with the two-dimensional pressure data 
of reference 22 at 
Mach 6 tunnel. 
afterbody profiles and test conditions were similar. The base pressure coef- 
ficients for both configurations increase almost linearly with boattail angle 
from 
body are about 0.007 greater than those of the present three-dimensional body. 
Separation of the flow from the surfaces of the 
body resulted in a sharp decrease in base pressure to a value nearly equal to 
that for j3 = 0'. p = 180 
conical afterbody which, similarly, resulted in a decrease of base pressure. 
From the foregoing statements it might be inferred that afterbody flow separa- 
tion is the primary cause of the decrease in base pressure after the initial 
increase which occurs for conical boattail angles between about 14O and 18O at 
cylinder Mach numbers from 1.5 to 6.0 (fig. 13.) 

a = Oo, which were also obtained in the Langley 20-inch 
These data, in particular, are comparable in that the model and 

j3 = 0' to 12O, and the base pressure coefficients for the two-dimensional 

j3 = 13O two-dimensional after- 

For the present tests the flow separated from the 

Presented in figure 14(b) are faired curves of compiled base pressure data 
(j3 = Oo, fig. 13)  for bodies of revolution and two-dimensional bodies (ref. 22) 
as a function of Mach number. The base pressures on bodies of revolution are 
higher than those on two-dimensional bodies for Me < 3.6, whereas the reverse 

-I 
is true at higher Mach numbers. A pressure coefficient of - is often used 

MC2 
as a base-pressure correction factor for the reduction of supersonic force data 

when base pressures are not measured. It is seen that the - curve is in 

good agreemtwt with the two-dimensional data for 

-1 

Mc 
Me > 1.8 and with the body- 

of-revolution data for Me > 5.0. For most general 

as an easy-to-compute estimate of the base pressure 
turbulent boundary layers at high Mach numbers. 

applications - -' can serve 
coefficient for bodies with 

MC2 
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Effect of angle of attack.- In reference 25 it is reported that the initial 
effect of angle of attack was to cause a decrease in base pressure until separa- 
tion on the leeward surface becomes appreciable and that further increases in 
angle of attack would cause a slight increase in base pressure (the angle of 
attack for flow separation on the leeward surface generally decreases with 
increasing Mach nmber). In figure 15 the effect of angle of attack on base 
pressure is shown for various bodies of revolution for p = Oo; the data are 
consistent with the trends of reference 25. The present data decrease to a 
minimum pressure of about 75 percent of that at at angles of attack 
between 60 and 12O depending on the nose shape. 
reference data apparently were not sufficiently high to cause separation. 

a = 0' 
The angles of attack for the 

Review of prediction methods.- In the past two decades many methods have 
been proposed for predicting base pressure on bodies of revolution at supersonic 
speeds. Theoretical methods presented in references 2, 28, and 29 generally 
give correct qualitative values; however, they have not been found to be suit- 
able quantitatively. Empirical or semiempirical methods given in references 1, 
10, 25, and 30 to 33 are dependent upon experimental measurements and generally 
give satisfactory results when applied within their intended limits. Methods 
for predicting base pressure on boattailed bodies are presented in references 1 
and 10 and were found to be only in qualitative agreement with the present cor- 
relation. In reference 23 a means for estimating the base pressure on bodies of 
revolution at angles of attack is given which was in fair agreement with the 
experimental data of reference 34 (& = 1.49). The applicability of this method 
at higher Mach numbers is not known. 

It has been shown by previous investigators (refs. 1, 10, and 25, for 
example) that the parameters which determine base pressure are: free-stream 
Mach nmber and Reynolds number, nose shape, body length, boattail angle and 
length, boundary-layer type, and angle of attack. Free-stream Mach number, 
nose shape (attached shock), and body length can generally be reduced to cylin- 
der Mach number, and the free-stream Reynolds number and body length can be 
reduced to boundary-layer thickness. 
oped turbulent boundary layers at zero angle of attack, the remaining variables 
are: cylinder Mach number Me, boattail angle and length 2bt/D, and 
boundary-layer thickness 6 /D.  

For bodies of revolution with fully devel- 

The lack of sufficient data limited the present correlation (fig. 13) to 
the evaluation of cylinder Mach number and boattail-angle effects, which were 
determined independent of the boundary-layer-thickness and boattail-length 
effects. For turbulent boundary layers the effects of 6 / D  and 2bt-D can be 
quite large (refs. 9 and 10, for example) if these parameters are allowed to 
vary over a wide range of valties. However, the fact that all data of the pres- 
ent correlation agreed reasonably well with the faired curves indicates that 
such effects were probably small. 

! 
i 

It is concluded from a review of previous investigations that no compre- 
hensive theoretical methods exist for predicting quantitative values of base 
pressure as a function of its known variables. Base-pressure data are available 
for a wide range of parameters, which make possible reasonable estimates for 
most practical applications as is the intention of the present correlation in 
figure 13. However, if one or more of the primary variables of an investigation 
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are rad ica l ly  d i f f e ren t  from those of t h e  da t a  used as a bas is ,  t he  app l i ca t ion  
of t h e  present  co r re l a t ion  could be g r e a t l y  i n  e r r o r .  

Afterbody Drag I 

Presented i n  f igu re  16 a r e  the  components of ax ia l - force  coe f f i c i en t  due 
t o  afterbody pressure drag, which were obtained from in t eg ra t ion  of the experi-  
mental pressures  over t he  b o a t t a i l  and base sur faces .  A t  a l l  angles of a t t a c k  
minimum afterbody drag could be obtained with about a l3O b o a t t a i l  angle f o r  
nose sect ion 1 and between p = 9' and 12O f o r  nose sec t ions  2 and 3 at  a = Oo. 
Afterbody drag w a s  reduced 17 t o  26 percent  (depending upon nose shape) a t  
a = Oo as t h e  result  of b o a t t a i l i n g  the afterbody 120 but w a s  increased as much 
as fs percent ( p  = Oo) t o  1 2  percent ( 0  = 12O) a t  angle of a t t ack .  Although 
only one c i rcu lar -a rc  b o a t t a i l  w a s  t es ted ,  the af terbody drag for t h i s  config- 
ura t ion  was only s l i g h t l y  higher  than the  minimum conica l  b o a t t a i l  drag and 
perhaps c i rcu lar -a rc  b o a t t a i l s  should receive primary a t t e n t i o n  i n  fu tu re  
s tud ies .  

Calculated values of afterbody pressure drag are given i n  f igu re  17 as a 
function of b o a t t a i l  angle, Mach number, and b o a t t a i l  length.  
c i e n t s  were ca lcu la ted  by use of Van Dyke's second-order theory (see re f .  21) 
and the sonic-expansion method t o  es t imate  b o a t t a i l  drag, and the  base-pressure 
co r re l a t ion  curves of f i g u r e  13 were used t o  estimate base drag. The ca l cu la t ed  
afterbody drag decreases i n i t i a l l y  with an increase i n  b o a t t a i l  angle and, f o r  
t h e  cases shown, reaches a minimum value between p = 5' and 13' which i s  
dependent upon Mach number and b o a t t a i l  length.  A t  the lower Mach numbers min- 
i m u m  drag i s  s ens i t i ve  t o  b o a t t a i l  angle, whereas a t  the  higher Mach numbers a 
near m i n i m u m  drag can be obtained with a b o a t t a i l  angle  from the  b o a t t a i l  
angle  a t  which minimum afterbody drag occurred Pmin. 

I 
I 

These coeff i -  I 

* 4O  

M i n i m u m  afterbody drag coe f f i c i en t s  and t h e i r  assoc ia ted  b o a t t a i l  angles 
are compared t o  values of af terbody drag f o r  p = Oo i n  f igu re  18. (These 
curves were obtained from f igu re  17 and similar curves ca lcu la ted  at Mach num- 
bers  of 1.5, 2.5, and 3.5.) These ca l cu la t ed  curves show t h a t  af terbody pres-  
sure drag can be reduced about 36 percent  a t  Mach numbers around 2 . 3  f o r  a 
b o a t t a i l  length 
( lb t /D = 0.35)  a reduct ion i n  af terbody drag between 20 and 32 percent  can be 
obtained i n  the  Mach number range from 1.7 t o  6.0. 
t o  obtain minimum drag 
general ly  increases  with increas ing  Mach number toward an asymptotic value. 
Skin f r i c t i o n  w a s  not considered i n  the  preceding ca l cu la t ions  because i t s  
e f f e c t  upon general  trends,  
be negl igible  f o r  most p r a c t i c a l  appl ica t ions .  Calculat ions of t he  skin- 
f r i c t i o n  drag on the  b o a t t a i l s  (nose sec t ion  1) by the  Monaghan 
?" method ( see  r e f .  3 5 )  with near  ad iaba t i c  w a l l  condi t ions gave values of 
0.0011 and 0.0009, respec t ive ly .  mese values are about 3 percent of the  a f t e r -  
body pressure drag ( f i g .  16) and the re fo re  were neglected.  

2bt/D of 1.00 and f o r  even a r e l a t i v e l y  sho r t  b o a t t a i l  

The b o a t t a i l  angle necessary 
pmin decreases with an increase i n  b o a t t a i l  l ength  and 

Pmin, and afterbody drag reduct ion were found t o  

p = Oo and 120 
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CONCLUDING REMARKS 

Af'terbody pressures  have been invest igated a t  a free-stream Mach number of 
5.98 on various b o a t t a i l e d  bodies o f  revolut ion at angles of a t t ack .  The 
Reynolds number and roughness bands were su f f i c i en t  t o  cause a turbulent  bound- 
a r y  l aye r  t o  e x i s t  ahead of t he  af terbodies  a t  zero angle of a t t ack .  A simple 
method f o r  pred ic t ing  two-dimensional and axisymmetric b o a t t a i l  pressures  a t  
high Mach numbers i s  presented, which gave a good est imate  of the  present  da t a  
a t  zero angle of a t t ack .  A co r re l a t ion  of ex i s t ing  base-pressure da ta  (zero 
angle of a t t a c k )  w a s  made f o r  bodies of revolut ion with various b o a t t a i l s  and 
turbulent  boundary l aye r s  between cyl inder  Mach numbers of 1.5 and 6.0. 
der  Mach number and b o a t t a i l  angle were found t o  be the  two primary var iab les  
a f f ec t ing  base pressure f o r  bodies with attached shocks. 

Cylin- 

The present  t e s t s  show t h a t  afterbody pressure drag can be reduced from 
17 t o  26 percent with use of a r e l a t i v e l y  shor t  12' conica l  b o a t t a i l ,  whereas 
ca lcu la t ions  ind ica te  t h a t  reductions of about 36 percent can be r ea l i zed  a t  
Mach numbers around 2.3. The b o a t t a i l  angle necessary t o  obtain minimum drag 
increases  with increasing Mach number and decreases with an increase i n  b o a t t a i l  
length.  

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Stat ion,  Hampton, Va., December 10, 1964. 
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